We report on the in situ analysis of the growth process of carbon nanostructures catalyzed by Ru nanoparticles using syngas, a mixture of hydrogen and CO, as the carbon source at a medium temperature (500°C). The structural modifications of the dual nanotube/nanoparticle system and the general dynamics of the involved processes have been directly followed during the growth, in real time and at the atomic scale, by transmission electron microscopy in an environmental gas cell at atmospheric pressure.
Introduction
Due to their various properties, carbon nanotubes (CNTs) or carbon nanofibers (CNFs) have become an important subject of study not only for fundamental nanoscience but also for the development of new technologies. 1, 2 A better understanding of their growth process should lead to an improvement of their integration in domains such as electronic nano-devices, 3 electrical wiring, 4 bio-devices, 5 and catalysis. 6 In the case of their growth assisted by a catalyst, it is of great importance to under-stand the carbon-metal interaction during the growth process. A wide variety of active nanocatalysts were used for growing carbon nanotubes or nanofibers through a catalytically assisted chemical vapor deposition process. Among them, the most active and least expensive catalysts are found in the Fefamily (Fe, Ni, Co). 7 To control and to optimize the growth and the subsequent properties of carbon nanostructures, crucial questions should be answered for which several in situ experiments and theoretical studies have been performed dealing with various nanoparticle catalysts (Ni, Fe, Au, Co, Pd, Ru, etc.). [8] [9] [10] [11] [12] [13] [14] [15] What is the state (crystalline, liquid, fluctuating crystalline) and the nature of the active phase (carbide or metallic) of these nanoparticles? Do carbon atoms migrate on the surface and/or through the bulk of the nanoparticles? Is there a universal growth mechanism for all the metal catalysts and carbon sources?
Before discussing our own results, we present a short stateof-the-art on Q5 the subject that provides a direct insight, in real time, into the growth process at the nanometer scale. Various results were obtained in this respect by using in situ TEM based techniques, more particularly by using environmental TEM (ETEM) approaches. Hofmann et al. 16 reported that Ni catalyst particles do exhibit a fast self-diffusivity while showing a long range crystalline order which can be assigned to a liquid-like behavior. Different physical states of the particles (solid, liquid, liquid-like) were mentioned as being involved in † Electronic supplementary information (ESI) available. See DOI: 10 Another fundamental question in this field relates to the type of active phase involved in the growth process. For Fe and Ni catalysts, Hofmann et al. 18 observed that the active phase of Ni and Fe is probably the crystalline metallic phase and not the oxide one. The carbide formation only happens in the case when Fe is present in very little amounts. They suggest that the carbide phase is not a necessity for the formation of CNTs. Note that, in the case of Ni-based catalysts, most of the studies show the active phase to be the metallic one. 16, 18, 19 Yoshida et al. 20 showed a change in the crystal orientation of a Fe catalyst without any physical rotation of the whole nanoparticle in a mixture of (C 2 H 2 : H 2 ) at P = 10 Pa and T = 600°C. They concluded that the particles have fluctuating crystalline morphologies and that the active phase is cementite, Fe 3 C. For Fe-Mo-C catalysts, the same authors also showed a fluctuating crystalline morphology. 21 By using image simulation, the structure of these fluctuating particles was demonstrated to be (FeMo) 23 C 6 . Tang et al. 17 concluded that during the nucleation and growth of CNTs, the iron catalyst is mainly in the carbide phase but the NP can also transform into metallic Fe at different growth stages. However, it is worth noting that the phase evolution of the catalyst during the growth process also depends on the carbon source; for instance, using Fe catalysts and CO carbon sources, the particles always remain in the carbide phase.
Kohigashi et al. 22 showed that Co nanoparticles have a quite inhomogeneous structure during CNT growth. In particular, the nanoparticles are made of a mixture of Co 3 C and hcp Co and other unidentified structures. The active phase seems to be Co 3 C. These observations were confirmed by Lin et al. 23 They demonstrated the co-existence of Co and Cocarbide inside a single catalyst particle during the SWCNT (single wall carbon nanotube) growth.
CNT growth was also studied by using in situ TEM and Au nanoparticles as a catalyst. Tang et al. 17 showed that no chemical reaction or phase transition occurred during the growth. The particle was in a quasi-liquid state or in a quasi-melting state. A graphitic shell is formed and partially detached to form a carbon cap. This cap grows into a CNT under suitable conditions. The same observation was confirmed by Hofmann et al. 18 They showed that a SWCNT nucleates through a lift-off process of the carbon cap. The carbon cap stabilization is guided by dynamical shape changes of the Au catalyst particle.
The growing mode of carbon nanostructures has been widely discussed in order to answer the second question: does carbon diffuse on the surface of the active phase particle or via the bulk? Various studies showed that there is no general behavior as the diffusion of the atoms depends on several parameters, among which the physical state of the particle solid, liquid or liquid-like can be of huge importance, as mentioned before. Following the classical Gibbs-Thomson equation, the melting points of metallic nanoparticles are decreased by about 2/3 when their sizes reach 5 nm. [24] [25] [26] Given the melting point of bulk ruthenium (Ru) which is about 2250°C, the corresponding point for nanoparticles with 8 nm mean size can be estimated using a scaling law 27 at about 1900°C. In addition, to estimate the physical state of nanoparticles, one can use the Tamman temperature at which the atoms or molecules of the solid acquire a sufficient energy for having appreciable mobility and reactivity and which can be approximated as one-half of the melting temperature of the chosen system, in our case about 800°C for 8 nm sized particles. 28 This temperature depends strongly not only on the size but also on the chemical composition of the particles. Therefore, at a temperature not very far from the Tamman one, the NPs might be in an intermediate physical state, between solid and liquid like phases.
Baker et al. 29 suggested that the catalyst (in the liquid state) cracks the carbon source molecules and dissolves the carbon atoms (from the gas phase) that do precipitate into solid state carbon fibers after reaching a supersaturated concentration. This growth model is called the vapor-liquid-solid (VLS) model and was used for studying the growth of silicon whiskers, 30 nanorods and nanowires. 31 Feng et al. 32 showed that in both processes, the growth and gasification, the iron catalyst is in a liquid-like state and continuously changes shape, showing sometimes a lattice structure. Thus, they proposed to slightly modify the VLS model into a VLLS one (vapor-liquid likesolid). However, various studies contradicted the liquid or liquid-like particle state. 33 They have shown that the catalyst particles are crystalline, during CNT growth which suggests a vapor solid-solid model, VSS. 19 This growth model explains the formation of carbon nanotubes without the carbon dissolving inside the particle. Dai 34 and others supported a similar nucleation mechanism of CNTs in catalyst CVD which they named the "yarmulke" mechanism. Carbon atoms adsorbed on the surface of a nanoparticle form a carbon cap after agglomeration that reduces the surface energy of the nanoparticle. Then, this cap is lifted from the nanoparticle leading to the initiation of the CNT growth process.
Recently, Lin et al. 23 identified two sources of carbon supporting the SWCNT growth; the surface diffusing C atoms that are incorporated at a constant rate and carbon atoms diffusing out of metastable carbides inside the particle bulk, incorporated at fluctuating time intervals.
In this general context, Ru was also used as a catalyst for growing carbon nanostructures. [35] [36] [37] [38] Various studies pointed out that carbon solubility in Ru is lower than that in the Fefamily and that the Ru carbide phase is known to be very unstable. 37, 38 The mechanism based on the solubility of carbon in a metallic catalyst cannot be valid which implies that another approach has to be considered for the growth process on Ru-catalysts, compared to the Fe-family.
In this article, we show for the first time the in situ growth of carbon nanostructures with a fishbone morphology catalyzed by Ru nanoparticles. To achieve this, we exploit the fundamental advantage of an environmental cell which allows TEM imaging in real time of the CNT growth process and the dynamical changes of the catalyst. The growth of carbon nano- structures was performed at atmospheric pressure which reproduces the realistic conditions of the chemical vapor deposition technique (CVD). 42 The sample was placed between two micro-electricalmechanical systems (MEMS)-based closed cell (SiN windows with a chemical formula close to Si 3 N 4 but slightly silicon rich). The temperature and the gas flow in the cell are controlled by the heating holder and a gas delivery manifold, respectively. All the indicated temperatures are based on the company provided calibration. A schematic representation of the in situ system is shown in the ESI. † The catalyst powder was ground, dispersed in ethanol and dropcast on the SiN membrane acting as a heater element. The catalyst was first thermally treated under Ar gas at 600°C for 80 minutes. Then a reduction step was performed under a H 2 atmosphere at 800°C for 1 h. The growth of carbon nanostructures has been carried out using a mixture of H 2 /CO (2 : 1) at 500°C. The medium temperature is one of the lowest reaction temperatures reported until now and may be of great interest for the scale up process of the carbon nanotube growth. All observations were performed at atmospheric pressure.
Experimental details

Catalyst preparation
The high energy irradiation from the electron beam of the microscope may have a considerable effect on the decomposition process of the initial gases. 43 Several non-irradiated regions were checked only at the end of the in situ growth experiment, after the evacuation of the gas carbon source, and show the presence of similar carbon structures evidencing thus a negligible effect of the electron beam irradiation on the growth process.
Results and discussion
Before the growth of carbon nanostructures, the catalyst was activated by using a two-step treatment consisting of: (i) annealing under Ar at atmospheric pressure at 600°C for 1 h and (ii) a reduction process under hydrogen at 800°C for 1 h for reducing the oxidized catalyst particles. Such a high temperature for the reduction step was imposed by association with a real CVD process. 35, 36 Fig. 1 illustrates the evolution of the Ru catalyst during the activation process. Note that the RuO 2 nanoparticles can be found in two different morphologies: epitaxial layers generally on rutile TiO 2 and nanoparticles on anatase TiO 2 . 40, 41 The epitaxial layer of RuO 2 is visible on the rutile particle when the catalyst is brought up to 200°C under Ar, but this interaction is visibly fragmented at higher temperature (white arrows in Fig. 1(a) and (b) ), probably because a partial reduction already occurs at this stage. However, no visible sintering effect can be observed after this annealing step, except for only a few particles localized on anatase. The reductive treatment with H 2 at atmospheric pressure and high temperature (800°C) results in a more pronounced sintering effect leading to a small number of large (about 10 nm) Ru particles (yellow arrow in Fig. 1(c) ).
After the activation of the particles, different temperatures and CO/H 2 ratios in the gas precursor have been explored using the E-cell set-up experiment. The best parameters which provided a dynamical equilibrium in the growth process and the highest growth rate were found to be 1/2 for the CO/H 2 ratio and 500°C for the temperature. It is important to keep in 
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Nanoscale, 2018, 00, 1-9 | 3 mind that the fundamental role of hydrogen in the process is to avoid the deactivation of the catalyst and to enhance the growth reaction mechanism, as suggested by several studies from the literature. 44, 45 A real time sequence for the growth of the carbon nanostructure nanofibers is depicted in Fig. 2 (Video S1 in the ESI †). The three carbon nanostructures pointed at by arrows ( Fig. 2(a-c) ) are grown on three spatially close Ru nanoparticles with sizes between 7 and 10 nm. Fig. 2(d) shows the mean growth rate as a function of the particle size deduced by dividing the total length of the grown carbon nanostructure by the time during which the particle is catalytically active. By analyzing 10 individual situations with particles sizes ranging from 1 to 10 nm, the growth rates have been measured and range between 1 and 4 nm s −1 . The size of the Ru nanoparticle does not seem to have a direct influence on the nanotube growth rate, since no correlation can be established. However, regarding the influence of the particle size on the growth process, it can be clearly observed that this parameter is directly correlated with the thickness of the grown carbon wall ( Fig. 2(e) ). This behavior is generally accepted in the field of carbon nanotube growth by CVD: the larger the particle size, the higher its catalytically active surface and consequently the number of dissociated molecules.
In order to better understand the growth mechanism related to the dynamical evolution of the catalyst particles, in situ analyses with a higher resolution were performed. This allowed following the microstructural changes of both the carbon structures and the Ru catalyst. Fig. 3 shows the shape fluctuation of a Ru nanoparticle with a mean size of about 10 nm during the growth of carbon nanostructures (Video S2 in the ESI †). After about 28 s in the CO/H 2 atmosphere, the particle shape fluctuates from a cubic morphology (Fig. 3a) to a truncated octahedral one (Fig. 3b ). Then, 9 seconds later, the particle took quite a spherical shape ( Fig. 3c ) and the apparent size of the particle decreased to a minimum one suggesting that it globally contains fewer atoms. In addition, as suggested by the Fast Fourier Transform (FFT) analysis of the images (insets in Fig. 3a where the various visible planes are pointed at with different colors of arrows), no visible diffraction spot can be observed at the last position. This suggests the possible structural or chemical modifications with respect to the initial state. Intuitively, these changes can be explained by the dissolution of carbon atoms in the particle bulk, leading to carbide, and by the fluctuation of their total concentration with time: this dissolution reaches a saturation threshold during a period in which the growth rate of the carbon nanostructure is slow and after which a high carbon amount is rejected from the particle and forms the graphitic layer of the carbon nanostructures. Note that these layers do appear at the lateral facets of the particle suggesting a very low wetting of the particle surface by carbon, in agreement with the carbide phase in the sub-surface area. However, from this preliminary analysis, we can conclude that the observed shape fluctuation can be directly related to the change in the growth direction (which is observed for the particles highlighted by yellow arrows in Fig. 2a and b ) and thus as one of the parameters responsible for the non-linear growth of the carbon structure. A second example of the particle shape fluctuations is added in the ESI (Fig. S2 †) . From the kinetics point of view, a deeper analysis of the growth process is obtained by tracking the trajectory of the particle during the in situ process. Fig. 4 shows the time dependence of the traveled distance of one of the typical particles having a size of about 7 nm. The main result is that the growth rate varies with time looking like a non-linear relaxation oscillation with a typical time variation of about 11 s and the growth rate between 0.5 and 1.5 nm s −1 . We may compare this process with the one that takes place in a capacitive relaxation oscillator with a neon lamp threshold device. Following the discussion above ( Fig. 3) , we consider an interplay between a metallic and a carbide-like phase. As time passes, the metal nanoparticle fills up with carbon. As a consequence, the mean binding energy between the C and the Ru atoms in the particle drops down to a value that, at some point, is small enough for the interatomic bonds to be simply thermally broken.
Carbon atoms are then rapidly released contributing to the building-up of the nanotube. It then takes some time for the particles to be filled again with carbon atoms as the mean binding energy recovered its original higher value during the draining process. As the observation was performed at a temp- erature of 500°C, we evaluate the threshold binding energy that controls the relaxation oscillation to be of the order of 41 meV. It seems clear that both phases, the metallic one and the carbide-like, are involved in the growth process. From our results one can predict that the relaxation oscillation should be sensitive to the applied temperature that controls the threshold of the draining process and it should also depend on the cube of the particle size that controls the filling time of the particle. To confirm the assumption, a deeper analysis of the highresolution data recorded during the in situ study was performed. To determine the most active phase (carbide or metallic) for the growth of carbon nanostructures, the crystalline structure of the Ru NPs was investigated as a function of time. Fig. 5 shows a Ru wave plane reconstruction and evolution of the considered planes versus time. More particularly, we used a FFT analysis of the images to identify all the planes present ( Fig. 5h-n) . A mask was applied to the chosen diffraction spots, which was also used to measure the inter-reticular distance d. We then superposed the contribution of each plane family to the real images from Fig. 5a-g (Fig. 5o-u) . Metallic Ru is clearly identified by the (001) planes with a distance d = 0.235 nm. It is represented in red in Fig. 5o -u and characterized with red arrows in Fig. 5h -n. Two other planes are also distinguished at 0.195 and 0.216 nm (green arrows and circles in Fig. 5h-n) . Both distances and angles unambiguously correspond respectively to the (011) and (100) Ru 2 C planes (JCPDS 04-019-7840). Ru 2 C is represented in green in the reconstructed presentation of the nanoparticle in Fig. 5o-u .
At the beginning of our observation (injection of H 2 /CO gas at 500°C), the nanoparticle appears as a complex mixture of metallic Ru and Ru carbide (the grey color may correspond to an amorphous part). The CNT growth starts directly from Ru 2 C. After 16 s, most of the nanoparticles consist of the metallic phase surrounded by Ru 2 C. This initial period of time corresponds to a high rate for the growth of carbon nanostructures. The reconstruction direction is pointed at with black arrows (Fig. 5a-d) . This reconstruction was accompanied by contrast changes observed among t 0 (Fig. 5a ), t = 2 s ( Fig. 5b ) and t = 13 s (Fig. 5d ). The velocity of this wave reconstruction was estimated to be about 0.9 nm s −1 (see Video S3 in the ESI †).
As previously mentioned, Ru 2 C generally appears around the metallic Ru particle, with the spatial distribution varying in time, and coexists in the presence of a few graphitic layers (1 to 3 layers). In addition, no graphitic layer was observed at the nanoparticle surface from metallic Ru planes ( Fig. 5r and  u) , immediately after the total disappearance of the carbide phase. Thus, the presence of the Ru carbide phase is asserted. It is identified here for the first time during the CNT growth at atmospheric pressure, 46 as directly responsible for the formation of the graphitic planes at the particle surface and consequently for the CNT appearance and growth. The existence of the Ru metallic phase can be assigned to the carbon dissolution phase inside the particle during the period of time characterized by a lower growth rate.
A very important finding is that the mean period of the particle restructuration (between Fig. 5p and s or between s and u) is very similar to that of the roughly cyclic variation of the growth rate. Therefore, this cyclic growth kinetics can be related to the particle transformation and restructuration due to two processes which are in competition, the dissolution and the rejection of carbon atoms inside the particle.
Main result: a relaxation oscillation CNT growth model
This paper presents the in situ analysis of the carbon nanotube growth process on Ru nanoparticles from a mixture of CO-H 2 at atmospheric pressure and 500°C. The first information we obtained is thatwithin the 1-10 nm rangethe growth rate is independent of the Ru particle size. However, Mabudafashi et al. 38 showed that a particle size larger than 30 nm is required for the growth of similar structures under a propene atmosphere. This difference in our observation can be explained by the nature of the gas precursor used to grow the 47 showed that the growth of carbon based nanostructures using Pt nanoparticles depends on the particle size. For particles less than 2 nm, graphene layers formed on the particle surface are transported to the support. For particles between 2 and 6 nm, the graphene layers do form carbon nanotubes. For particles larger than 6 nm, multiple graphene layers do encapsulate the particles.
There is no solubility of carbon in Pt 48 and this is enough for explaining the particle size dependence compared to the size independence for Ru. The evolution of the particle shape and the size and crystallinity fluctuation (Fig. 3 ) support the carbon dissolution hypothesis. However, the step edge formation (Fig. 4) was attributed by Helveg et al. to the migration of carbon atoms on the surface of the particle. 19 In our case, the identification of the unstable Ru 2 C structure ( Fig. 5 ) enhances the carbon dissolution and diffusion processes inside the Ru particles. The growth model we propose in Fig. 6 is thus based on the instability of the Ru 2 C structure, which leads to an oscillating carbon rejection towards the surface, once the spatial extension of the carbide phase reaches some threshold value. This oscillating rejection can be assigned to a repetitive relaxation mechanism between a thermodynamically unstable phase and a stable one. This leads to a similar oscillating behavior of the growth rate. From the phenomenological point of view, the carbon monoxide dissociated on the surface of the particles provides carbon atoms that do diffuse inside the particles and do stabilize for a short period of time the Ru carbide structures that eventually act as a carbon reservoir. The growth of the graphitic layers actually occurs when this structure rejects the carbon atoms, allowing for the Ru atoms to reconstruct their metallic phase. Note that, in the first approximation, this structural metal-carbide transition, though inhomogeneous within the particle, is a quite periodical event and has a mean relaxation time which coincides with the observed fluctuations in the CNT growth rate.
Though quite similar particle shape and size fluctuations have been observed before, it was difficult from our data to reveal a cyclic behavior and specially to estimate a characteristic mean time. However, as demonstrated before, the shape fluctuation can be directly related to the direction change of the particle during the growth process.
Finally, the very dynamical behavior at the particle level strongly suggests that the sub-surface planes of Ru particles are in a liquid-like state during the growth of carbon nanostructures such that a core-shell structure can be assigned (with a quasi-solid core and the liquid-like shell). Even far from the bulk melting temperature of Ru (2250°C), the particles may exhibit a liquid-like behavior at their surface. The associated high atom mobility explains that the particles are able to reconstruct easily into the solid phase, even if the temperature is below the Tamman temperature.
Conclusion
In situ carbon nanostructures with a fishbone-type structure were grown from CO/H 2 at atmospheric pressure and at 500°C using Ru nanoparticles as a catalyst. Particle shape and size fluctuation have been observed, in relation to the direction change of the particle during the growth process and with the final shape of the CNT. More importantly, a relaxation oscillation of the growth rate has been observed and correlated with the metal-carbide structural transition at the sub-surface of the particle. For the first time, an unstable Ru carbon structure was identified as Ru carbide and its presence seems to be mandatory for the activation of the growth of carbon nanostructures. An unconventional growth model was proposed that takes into account the high instability of this Ru 2 C phase which acts as a relaxing supply for the growth of carbon nanostructures, once a critical threshold carbon concentration within the particle is reached. From a more general point of view, this study demonstrates once again the variety of phenomenological models and catalyst behaviors used for the growth of carbon nanostructures with different morphological and structural characteristics. 
